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1 | INTRODUCTION

Abstract

Vasorin (VASN) is an important transmembrane protein associated with develop-
ment and disease. However, it is not clear whether the death of mice with VASN
deficiency (VASN™") is related to cardiac dysfunction. The aim of this research was
to ascertain whether VASN induces pathological cardiac hypertrophy by targeting
myosin light chain 7 (MYL7). VASN™~ mice were produced by CRISPR/Cas9 technol-
ogy and inbreeding. PCR amplification, electrophoresis, real-time PCR and Western
blotting were used to confirm VASN deficiency. Cardiac hypertrophy was examined
by blood tests, histological analysis and real-time PCR, and key downstream factors
were identified by RNA sequencing and real-time PCR. Western blotting, immunohis-
tochemistry and electron microscopy analysis were used to confirm the downregula-
tion of MYL7 production and cardiac structural changes. Our results showed that
sudden death of VASN™~ mice occurred 21-28 days after birth. The obvious increases
in cardiovascular risk, heart weight and myocardial volume and the upregulation of
hypertrophy marker gene expression indicated that cardiac hypertrophy may be the
cause of death in young VASN™™ mice. Transcriptome analysis revealed that VASN de-
ficiency led to MYL7 downregulation, which induced myocardial structure abnormali-
ties and disorders. Our results revealed a pathological phenomenon in which VASN
deficiency may lead to cardiac hypertrophy by downregulating MYL7 production.

However, more research is necessary to elucidate the underlying mechanism.
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a potential biomarker and therapeutic target for cancer.?® Notably,

VASN is highly conserved in many organs from embryonic develop-

Vasorin (VASN), also known as SLIT-like 2 (slitl2), is a 673-amino acid ment to adulthood.*® There is limited literature on VASN function.

transmembrane glycoprotein localized on the cell surface! that is In embryonic development, VASN is primarily expressed in the heart

cleaved by a disintegrin and metalloproteinase. VASN is considered and lungs.! VASN is expressed in vascular smooth muscle cells! and
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umbilical vein endothelial cells.® Soluble VASN protein can bind to
TGF-B, which can inhibit epithelial-to-mesenchymal transition.” A
previous study showed high VASN expression in human glioblastoma
in the context of TNF a-induced apoptosis.” CRISPR/Cas9 technol-
ogy could be used to generate a knockout mouse model to further
study the function of VASN and its associated signalling pathway.
However, unexplained death occurs in VASN™™ mice shortly after
birth,” and it was unclear whether this phenomenon was related to
heart damage.

Cardiac hypertrophy may lead to heart damage and sudden
death®0 but is not always pathological (ie associated with cardiac
dysfunction). Cardiac hypertrophy is not present under conditions
of increased chamber volume but normal cardiac mass. Pathological
cardiac hypertrophy is a compensatory change in cardiac overload
induced by pathological stimulation'™!? that is characterized by
increased heart weight or volume, myocardial cell volume and ex-

3145 0perties of the inevitable process by which

tracellular matrix,
heart disease progresses to heart failure.>* The pathogenesis of
cardiac hypertrophy is not clear. In a recent study, monogenic muta-
tion of cardiac sarcomeres was shown to cause pathological cardiac
hypertrophy.”’18 Cardiac myosin is an important structure in cardiac
sarcomeres and includes two myosin regulatory light chains (MLC2v
and MLC2a).* Myosin light chain 7 (MYL7), also known as MLC2a, is
expressed in heart ventricles and atria.?>2! MYL7 inactivation leads
to embryonic lethality and abnormal cardiac morphogenesis.??%?®
Based on these studies, a novel pathological phenomenon was hy-
pothesized in which VASN deletion leads to cardiac hypertrophy by
affecting MYL7 expression.

In this study, we used CRISPR/Cas9 technology to produce VASN-
knockout mice and investigated the changes in cardiac function and

cardiac hypertrophy index values. Our results indicated that cardiac

TABLE 1 Listof primer sequences

hypertrophy may be the cause of death in young VASN-knockout
mice. We found that VASN deficiency downregulated MYL7 expres-
sion, resulting in myocardial structure abnormalities and disorders.
Our results reveal a pathological phenomenon in which VASN de-
ficiency may lead to cardiac hypertrophy by downregulating MYL7
production.

2 | MATERIALS AND METHODS

2.1 | Mouse lines and embryo manipulation

All mouse experiments were approved by the ethics committee of
Guangxi Medical University. C57BL/6J mice were obtained from
the Laboratory Animal Center of Guangxi Medical University [syxk
GUI 2020-0004]. Embryonic manipulation was carried out on our
custom embryo platform.?* C57BL/6J females were subjected to
oestrus synchronization and superovulation.?® Eight females were
mated with eight fertile males each time, and the pronucleus was
injected with approximately 10 pL mRNA. Approximately forty in-
jected embryos were transferred into the fallopian tube of each

pseudopregnant mouse.

2.2 | Production of VASN-knockout mouse

VASN-knockout mice were created by CRISPR/Cas9 technol-
ogy.26 The VASN gene (GenBank accession number: NM_139307.3;
Ensembl: ENSMUSG00000039646) is located on mouse chromo-
some 16. Two pairs of guide RNA (gRNA) were constructed and
confirmed by sequencing (Table 1). Cas9 mRNA and gRNA were

Genes Forward/ Reverse Sequences

gRNA1 - TCCCCAGACGGGGACCCGACAGG

gRNA2 - GTACTGGATGCACTGGCGGCTGG

gRNA3 - ATGTGATCATACCACGACGGTGG

gRNA4 - TTCCCTTCAGGGGCGAGACCTGG

P1 - ACTTCTGGGGGACAATGCTG

P2 - ACTGGAGTTTCTTG CCTTGGT

P3 - GCCTCAACAGTCAGCTTCTC

P4 - CTGATGGGCACCCTGTACT

VASN Forward Reverse CCGGGACCCCGGACCTCTCA TCTTCTGTCCCAGGAGACGACTGCG
BNP Forward Reverse TTCTGCTCCTGCTTTTCCTT GCCATTTCCTCTGACTTTTC

MYH7 Forward Reverse GATGGTGACACGCATCAACG CCATGCCGAAGTCAATAAACG
MYL7 Forward Reverse CTCATGACCCAGGCAGACAAG CCGTGGGTGATGATGTAGCAG
UCP1 Forward Reverse CTCAGCCGGAGTTTCAGCTTG GAAGCCTGGCCTTCACCTTG

A2 M Forward Reverse CATTTGCTTTGGTGGTGCAGA TCAGCAATTGCCATGTTGGAG
MYL4 Forward Reverse CCAATGGCTGCATCAACTATGAA CCATGTGAGTCCAATACTCCGTAA

CACNA1D Forward Reverse

TGCAAGATGACGAGCCAGAAG TGATTGACATGGTTTCCAAGCAG
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coinjected into the pronucleus to produce VASN™* mice. VASN™~
mice were produced by inbreeding eight pairs of 8 - to 9 -week-old
VASN™* females and males. VASN**, VASN™* and VASN** mice
were divided into three groups.

2.3 | PCR amplification and electrophoresis

Each mouse genotype was identified by PCR amplification and
electrophoresis.?”” DNA was extracted according to the manufac-
turer's instructions (TransGen, China). DNA polymerase (Vazyme,
China) and two primer pairs (Table 1) were used for PCR amplifica-
tion under the following amplification conditions: 95 °C for 3 min;
35 cycles of 95 °C for 15 s, 60 °C for 15 s and 72 °C for 2.5 min; and
72 °C for 5 min. PCR products were visualized by 1.5% agarose gel
electrophoresis (Invitrogen, USA).

2.4 | Cardiovascular index analysis

The mice in each group (3 mice, 2 biological replicates per group)
were anaesthetized with 4% chloral hydrate (0.02 mL g™).
Approximately 400 pL of blood was collected from each mouse and
placed at room temperature for 30 min. The resulting supernatant
was stored at -20°C. Serum homocysteine (HCY) levels were meas-
ured by an AEROSET-2 000 automatic analyser (Abbott, USA). The
levels of serum cardiac enzymes (lactate dehydrogenase (LDH) and
creatine kinase (CK)) and myocardial enzymes (creatine kinase iso-
enzyme (CK-MB)) were measured by an AU5800 automatic analyser
(Beckman Coulter, USA).
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2.5 | Pathological analysis

Haematoxylin and eosin (HE) staining was performed as previously
described.?® Pathological changes in the heart were detected in
mice from each group (3 mice, 5 biological replicates per group). The
percentage of mice with cardiac hypertrophy was calculated as the
number of mice with cardiac hypertrophy divided by the total num-

ber of mice in each group.

2.6 | Transcriptome sequencing

Transcriptome sequencing of heart tissue from the three groups
was completed at the Wuhan Genome Institute (BGI-Shenzhen).
Twelve total RNA samples (4 mice per group) were sequenced.
Whole transcriptome data were collected and compared with the
ribosome database to identify known transcripts (mRNA), per-
form quantitative analysis of known and new mRNAs, analyse
differences between samples (at least 2 samples) and analyse dif-
ferences between groups (at least 2 samples and at least 3 bio-
logical replicates per group). Differentially expressed genes were
analysed using the DAVID database by identifying Gene Ontology
(GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway maps.

2.7 | Real-time quantitative PCR analysis

RNA was extracted from heart tissue from each group (3 samples, 3

biological replicates per group) as previously described.?’ Reverse
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FIGURE 1 Characterization of VASN
knockout in C57BL/6J mice. (A) VASN-
VASN knockout rule. (B) Criteria for VASN
. il o knockout: VASN™~ gene, 1600 bp;
** e VASN™* gene, 4 000 bp, 1600 bp and
800 bp; VASN*'* gene, 4 000 bp and

0.5

Relative transcript level

2 i+
800 bp. (C) VASN™~ mice production
process. (D) Electrophoretogram of
VASN DNA analysis: lanes 2, 5, 8, 10,
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14 and 15, VASN”" DNA; 3, 7, 11, 12,

13 and 16, VASN* DNA; 1, 4, 17 and
18, VASN** DNA; 9 and 19, negative
control. (E) Quantitation of the relative
expression of VASN. (F) Changes in VASN
protein expression. (G) Quantitation of
the relative expression of VASN protein.
*p < 0.05 and ”p < 0.01 by one-way

- ANOVA
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FIGURE 2 Survival and cardiovascular risk in young mice. (A1) Distribution of time of death among VASN ™ mice. (A2) Changes in the
relationship between death and time in VASN™~ mice. (A3) Death rate of different VASN-knockout mice over 28 days. (B1-B3) Changes in
cardiovascular risk factors (aspartate aminotransferase, homocysteine and lactate dehydrogenase levels) in different VASN-knockout mice.

“p < 0.01 by one-way ANOVA

transcription and quantitative PCR were carried out in accord-
ance with a previous article.®° Primers (Table 1) were produced by
Sangon Biotech (Shanghai). Each gene was subjected to 40 cycles
of PCR, and this process was repeated three times. Expression of
the endogenous gene 18S was used for comparison. The relative
expression levels of target genes were calculated by using the 2°
ALCT method.

2.8 | Western blotting analysis

Hearts from mice in each group (2 samples, 4 biological replicates
per group) were prepared as previously described.3* Primary an-
tibodies against MYL7 (17283-1-AP, Proteintech, 1:2000), VASN
(A16215, ABclonal, 1:1000) and GAPDH (AC001, ABclonal, 1:1000)
were used, and the secondary antibody was horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit antibody (AS014, ABclonal,
1:1000). Protein expression was calculated by using an automatic
analysis system (Image Lab 6.0). The target protein data were nor-
malized to GAPDH data.

2.9 | Immunohistochemistry analysis

Hearts from mice in each group (4 samples, 4 biological replicates per
group) were prepared as previously described.? The MYL7 primary

antibody (17283-1-AP, Proteintech, 1:1000) and HRP secondary anti-
body (AS014, ABclonal, 1:1000) were used. Relative MYL7 expression

was calculated as integrated optical density (IOD)/area by using a

quantitative digital image analysis system (Image-Pro Plus 6.0).

291 | Electron microscopy analysis

The isolated hearts from mice in each group (2 samples, 2 biological
replicates per group) were prepared as previously described.®® Heart
tissues were fixed in 5% glutaraldehyde for 2 h and 2% osmium te-
troxide for 3 h. Next, the tissue samples were immersed in an alcohol
gradient (30, 50, 70, 90, 95 and 100%) for 10 min at each percentage,
100% alcohol for another 30 min and anhydrous propylene oxide for
10 min; then, the tissues were immersed in epoxy propane (acetone)
and epoxy resin at a ratio of 3:1, 1:1 and 1:3 for 3 h each and, fi-
nally, in epoxy resin for 12 h. A catalyst (2%) was added to the epoxy
resin, and the samples were baked at 35°C for 12 h, 45°C for 12 h
and 60°C for 24 h. The samples were observed under an electron
microscope (Thermo). Three random fields of each sample were pho-
tographed to count the number of damaged mitochondria and assess
myocardial injury.

29.2 | Statistical analysis

All results are shown as the mean and standard deviation. Data were
analysed by Duncan's multiple comparison. p < 0.05 was considered
indicative of a significant difference. p < 0.01 was considered highly
significant.
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FIGURE 3 Typical pathological indexes of cardiac hypertrophy in young mice. (A1) Hearts from different VASN-knockout mice; Scale
bar, 5 mm. (A2) Changes in body weight of different VASN-knockout mice. (A3) Changes in heart weight/body weight ratio of different
VASN-knockout mice. (B1) HE staining showing pathological changes in cardiac hypertrophy in different VASN-knockout mice. (B2) The rate
of cardiac hypertrophy in different VASN-knockout mice. (B3-B4) Quantitation of the relative expression of cardiac hypertrophy marker
genes (BNP and MYH7) in different VASN-knockout mice. p <0.05 and “'p < 0.01 by one-way ANOVA

3 | RESULTS

3.1 | Generation of VASN™™ mice using CRISPR/
Cas9 technology

The coding region of mouse VASN has two exons, 1 and 2, of
which exon 2 is the main transcription region. We generated
VASN heterozygous mice by knockout of exon 2 using CRISPR/
Cas9 technology (Figure 1A). We established a heterozygous
mouse line with a stable deletion of 2384bp in the targeted
VASN site (Figure 1B). We produced homozygous (VASN™") and
heterozygous VASN-knockout (VASN™*) and wild-type (VASN*/*)
mice by inbreeding of VASN*mice (Figure 1C). The mouse geno-
types were identified by PCR amplification and electrophoresis

(Figure 1D). VASN mRNA and protein levels were dramatically re-
duced in VASN™" mice compared with VASN™* and VASN*/* mice
(Figure 1E, 1F-1G).

3.2 | VASN-knockout results in
premature death and cardiovascular risk in
young mice

To observe the effect of VASN knockout on mice, we analysed
the survival time of mice with different genotypes. VASN™™ mice
died by 28 days, and half of them died 21-28 days after birth
(Figure 2A1). The survival rate of VASN™™ mice sharply decreased
over time since birth (Figure 2A2). Premature death was not



SUN ET AL.

[+ /

G VASN™

VASNT

(A)

VASN ~

©

93
WiILEY-LZ
(B)

0 04000 Som oo

2500 « Up-regulated
+ No-changed

« Down-regulated

200.04

LOG, VASN”7VASN'*

0
2
$ 150,09
&
=
)
2
T 100.01
50.04
0.0+ -
400 50 00 50 100
log2(FoldChange)
Term D Input number Background — P-value  Corrected P-Value
Complement and coagulation 4610 19 87 320752B-12  4.42842E-10
cascades
Staphylococcus aureus infection mmu035150 4 53 5.9972E-05  0.001172163
ECMe-receptor interaction mmu04512 4 83 0.000310251  0.004405294
PPAR signaling pathway mmu03320 85 0.000338389  0.004742566
Ndrenereic sienaline i
renergic signaling in 04261 4 152 0.002720935  0.022180468 ‘
cardiomyocytes
Cardiac muscle contraction  mmu04260 3 80 0.003628413  0.026846949
Dilated cardiomyopathy mmu05414 3 90 0.004989425  0.032670413
Circadian entrainment mmu04713 3 98 0.006272321  0.037409092
Focal adhesion mmu04510 4 203 0.007377487  0.042358428
Cholinergic synapse mmu04725 3 113 0.00916627  0.049238349
(E)
; 1.5
E3 Sequencing _ &3 VASN-/-
[
*ok * % #x *
€3 (RT-PCR 3 B3 VASN-/+
: * %k ¥ ¥ % %
B10] = — . — B3 VASN#+
G H
] =
g =
g g
2 0.5 =
== =
s |
-
@ =
H
0.0- =

FIGURE 4 Sequencing and quantitation of the relative expression of related genes in young VASN-knockout mice. (A) Hotspot map. (B)
Volcano map. (C) Signalling pathways identified by KEGG and GO analyses. The box indicates that the signalling pathway contains a common
MYL7 gene. (D) Quantitative verification of the relative expression of enriched genes. (E) Quantitative verification of the relative expression
of UCP1, MYL7, A2 M and MYL4. 'p < 0.05 and ~'p < 0.01 by one-way ANOVA

observed in VASN™* and VASN™* mice (Figure 2A3). Aspartate
aminotransferase (AST) levels were significantly decreased in
VASN™" mice compared with VASN*"* mice (Figure 2B1), whereas
HCY and LDH levels were significantly increased in VASN™ mice
compared with VASN*/* mice Figure 2B1-B2) In addition, VASN™/~
mice were observed to be listless and wobbly. These results sug-
gest that heart pathology may be the cause of sudden death in
young VASN™™ mice.

3.3 | VASN deficiency leads to cardiac hypertrophy
in young mice

To explore whether the cause of death of VASN™ mice is related
to the heart, we detected pathological changes in this organ.
VASN"mice exhibited increased heart volume (Figure 3A1), re-
duced body weight (Figure 3A2)) and an increased heart weight/
body weight ratio compared with VASN*"* mice (Figure 3A3)). HE
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FIGURE 5 Changesin MYL7 protein in young VASN-knockout mice. (A1) Changes in MYL7 protein expression. (A2) Quantitation of
changes in the relative expression of MYL7 protein. (B1-B3) Immunohistochemical analysis of MYL7. (B4) Changes in the relative density of

MYL7. 'p < 0.05 and “p < 0.01 by one-way ANOVA

staining showed that cardiomyocyte volume was significantly larger
in VASN™™ mice than in VASN™* and VASN*"* mice (Figure 3B1).
Approximately 70% of VASN™™ mice had cardiac hypertrophy;
this percentage was higher than that in VASN™* and VASN*/* mice
(Figure 3B2). The expression of cardiac hypertrophy marker genes
(BNP and MYH7) was significantly upregulated in VASN™~ mice
compared with VASN** mice (Figure 3B3-B4). These results show
that VASN deficiency induces cardiac hypertrophy in young mice.

3.4 | VASN deficiency reduces MYL7 expression in
young mice

To investigate the changes in potential downstream genes caused
by VASN deficiency, we performed transcriptome analysis of hearts
from VASN™", VASN™* and VASN*"* mice using RNA sequencing.
According to standard expression value 2100 and log absolute

value 22, we identified 61 upregulated genes and 82 downregu-
lated genes (Figure 4A-4B). VASN was among the most drastically
downregulated genes. KEGG analysis revealed that VASN deficiency
affected signalling pathways (Figure 4C). We selected genes for
gRT-PCR verification and validated MYL7 among the genes fol-
lowing the selected trend with a high correlation (Figure 4D). Real-
time PCR analysis further confirmed that MYL7 expression in the
heart was significantly downregulated in VASN™™ mice compared
to VASN™* and VASN** mice (Figure 4E). These data suggest that
VASN deficiency regulates MYL7 expression.

3.5 | VASN deficiency induces cardiac hypertrophy
by downregulating MYL7 expression

To further study the potential molecular mechanism by which
VASN deficiency leads to cardiac hypertrophy, we studied whether
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FIGURE 6 Effect of downregulated MYL7 expression on myocardial injury in young VASN-knockout mice. (A1-A3) Changes in
mitochondrial structure were detected with an electron microscope; the arrows indicate mitochondrial structure. The arrows indicate
severely damaged mitochondria in the VASN™" figure, slightly damaged mitochondria in the VASN™* figure, and normal mitochondria in

the VASN*"* Figure 1(A4). Changes in the number of dissolved mitochondria. (B1-B3) Changes in cardiac muscle breakage induced by MYL7
downregulation as observed by electron microscopy. The arrow indicates changes in myocardial fibres. The arrow indicates myocardial fibre
rupture in the VASN'/'figure and normal and continuous myocardial fibres in the VASN™* and VASN*/* (B4) Changes in the number of broken
myocardial fibres. Scale bar, 500 nm. ‘p < 0.05and **p < 0.01 by one-way ANOVA

FIGURE 7 Diagram of the mechanism NormalVASN
by which VASN deficiency induces cardiac
hypertrophy by downregulating MYL7
expression

changes in MYL7 expression affect myocardial fibre structure. VASN** mice hearts (Figure 5A1-A2). The relative density of MYL7
Western blotting analysis showed that MYL7 protein expression in VASN™™ mice hearts was significantly lower than that in VASN™*
was significantly lower in VASN™~ mice hearts than in VASN™* and and VASN** mice hearts (Figure 5B1-B4).
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In addition, electron microscopy showed that more damage and
vacuoles in mitochondria of VASN™™ mice than in those of VASN™*
and VASN** mice (Figure 6A1-A4). Few mitochondrial cristae in
VASN™* mice appeared sparse or destroyed. Mitochondrial crista
density, cell membrane integrity, a lack of swelling and intact struc-
tures were observed in VASN™* mice. Myocardial fibres in VASN™~
mice were disordered and irregular, while those in VASN™* and
VASN** mice were orderly and regular with clear Z lines (Figure 6B1-
B4). This result implies that the downregulation of MYL7 production
causes abnormal myocardial structure. Taken together, these find-
ings show that VASN deficiency reduces MYL7 expression, which
leads to cardiac hypertrophy (Figure 7, mechanism diagram).

4 | DISCUSSION

In zebrafish gastrula, VASN is diffusely expressed in the brain and
central nervous system.?* In the early stage of mouse embryonic de-
velopment, VASN is strongly expressed in the hindbrain and neural
tube midline.* In adult mice, VASN is expressed in the heart, liver,
kidney and inner foIIicIe,l’5 and in humans, VASN is expressed in um-
bilical vein endothelial cells,® periodontal ligament cells® and follicu-
lar fluid.®® VASN deficiency causes unknown death within 3 weeks.”
Our data corresponded with those in previous studies showing sud-
den death in young VASN ™™ mice (Figure 2). Our unpublished studies
also showed that VASN deficiency induces inflammation and pathol-
ogy in the lung, kidney and liver. Thus, VASN is closely related to the
development of various organs and diseases.

The third generation of artificial endonucleases for use in the
CRISP/Cas9 system has been successfully developed. Due to its high
mutation efficiency, simple production and low cost, this system is
considered a molecular tool for genome site-specific modification with
broad application prospects. At present, this technology has been suc-
cessfully applied to the precise genome modification of human cells,®
zebrafish®” and mice.®® In this study, we used CRISP/Cas9 technol-
ogy to study VASN function. We generated a 2384-nucleobase dele-
tion affecting the transcription region that could be inherited stably
(Figure 1). Our CRISPR/Cas9 system achieved rapid, efficient and ac-
curate gene editing, as shown in previous studies.

Systemic VASN deficiency may lead to pathological changes in
various organs and tissues. We performed transcriptome analysis to
investigate the changes in potential downstream genes caused by
VASN deficiency. Our RNA sequencing results revealed that VASN
deficiency induced obvious changes in multiple signalling pathways,
including ECM-receptor interactions, the PPAR signalling pathway,
cardiac muscle contraction and dilated cardiomyopathy (Figure 4).
To the best of our knowledge, it was not known how VASN causes
heart disease. Our findings indicate that the VASN-knockout mouse
model combined with transcriptome sequencing can be used to
study the important mechanisms of organ and disease development.

Hypertrophic cardiomyopathy is the most common cause of
sudden death and can lead to heart failure and stroke.®° To date,
it has not been reported whether VASN deficiency causes cardiac

hypertrophy. Our experimental results indicated that MYL7 is a
possible downstream protein of VASN (Figures 3, 4 and 5). MYL7
(MLC2a or RLCa) is an RLC family member that is expressed in
both ventricles and atria.?%%’ Many studies have reported the
important role of MYL7 in early cardiac development. Deletion
of MYL7 led to abnormal atrial contraction and early embryonic
death,®” and MYL7 mutations resulted in myocardial dysfunction
and abnormal vessel remodelling.2>3? Moreover, MYL7 deficiency
resulted in enlarged, nonfunctional atria and secondary defects
in vessel patterning,?' and MYL7-deficient hearts showed ab-
normal myocardial organization and embryonic atrial function.*®
Our results showed that MYL7 downregulation caused abnormal
myocardial structure, as reported in previous studies (Figure 6).
Therefore, these studies suggest that the downregulation of
MYL7 expression may lead to impaired cardiac development
and damaged myocardial structure. However, the mechanism by
which VASN regulates MYL7 expression must be further explored.
These results will contribute to understanding the pathogenesis
of hypertrophic cardiomyopathy and identifying treatment strat-
egies (Figure 7).

In summary, this study revealed that VASN plays a novel and vital
role in cardiac hypertrophy. Mechanistically, we discovered that
VASN deficiency downregulated MYL7 expression, which induced
myocardial structure abnormalities and disorders, resulting in car-
diac hypertrophy. Cardiac hypertrophy may be the cause of death in
young VASN-knockout mice. Therefore, our results reveal a patho-
logical phenomenon in which VASN deficiency may lead to cardiac

hypertrophy by downregulating MYL7 expression.

ACKNOWLEDGEMENT

This study was supported by grants from the Central Government
Guides the Development of Local Science and Technology
(GUIKEZY1949025 and GUIKEZY20198024).

CONFLICT OF INTEREST
All authors have no conflicts of interest.

AUTHOR CONTRIBUTION
Junming Sun: Conceptualization (lead); Data curation (lead); Formal
analysis (lead); Funding acquisition (equal); Investigation (lead);
Methodology (lead); Project administration (lead); Resources (lead);
Software (lead); Supervision (lead); Validation (lead); Visualization
(lead); Writing-original draft (lead); Writing-review & editing (lead).
Xiaoping Guo: Data curation (supporting); Methodology (support-
ing); Resources (supporting); Software (supporting); Supervision
(supporting). Ping Yu: Conceptualization (supporting); Methodology
(supporting); Project administration (supporting); Resources (equal);
Software (supporting); Validation (supporting); Visualization (support-
ing). Jinning Liang: Methodology (supporting); Project administration
(supporting); Resources (supporting). Zhongxiang Mo: Methodology
(supporting); Project administration (supporting); Resources (sup-
porting). Mingyuan Zhang: Formal analysis (supporting); Investigation
Visualization (supporting);

(supporting); Writing-original ~ draft



SUN ET AL.

Wi LEYH

(supporting). Lichao Yang: Conceptualization (supporting); Data cu-

ration (supporting); Project administration (supporting); Supervision

(supporting); Validation (supporting). Xuejing Huang: Investigation

(supporting); Methodology (supporting); Resources (supporting);

Software (supporting). Bing Hu: Funding acquisition (supporting);

Resources (supporting). Jiajuan Liu: Funding acquisition (supporting);

Resources (supporting). Yigiang Ouyang: Conceptualization (lead);

Data curation (lead); Supervision (lead); Visualization (lead); Writing-

review & editing (lead). Min He: Conceptualization (equal); Data cu-

ration (lead); Funding acquisition (lead); Project administration (lead);

Supervision (equal); Writing-review & editing (lead).

ORCID

Junming Sun

https://orcid.org/0000-0001-9242-721X

REFERENCES

1.

10.

11.

12.

13.

lkeda Y, Imai Y, Kumagai H, et al. Vasorin, a transforming growth
factor -binding protein expressed in vascular smooth muscle cells,
modulates the arterial response to injury in vivo. Proc Natl Acad Sci.
2004;101(29):10732-10737. doi:10.1073/pnas.0404117101.

Liang W, Guo B, Ye J, et al. Vasorin stimulates malignant progres-
sion and angiogenesis in glioma. Cancer Sci. 2019;110(8):2558-
2572.doi:10.1111/cas.14103.

Yeo HL, Fan TC, Lin RJ, et al. Sialylation of vasorin by ST3Gal1 facil-
itates TGF-p1-mediated tumor angiogenesis and progression. Int J
Cancer. 2019;144(8):1996-2007. doi:10.1002/ijc.31891.
Krautzberger AM, Kosiol B, Scholze M, Schrewe H. Expression
of vasorin (Vasn) during embryonic development of the mouse.
Gene Expr Patterns. 2012;12(5-6):167-171. doi:10.1016/j.
gep.2012.02.003.

Rimon-Dahari N, Heinemann-Yerushalmi L, Hadas R, et al. Vasorin:
a newly identified regulator of ovarian folliculogenesis. FASEB J.
2018;32(4):2124-2136. doi:10.1096/fj.201700057RRR.

Huang A, Dong J, Li S, et al. Exosomal transfer of vasorin expressed
in hepatocellular carcinoma cells promotes migration of human
umbilical vein endothelial cells. International Journal of Biological
Sciences. 2015;11(8):961-969. doi:10.7150/ijbs.11943.

Bonnet A, Chaussain C, Broutin I, Rochefort G, Schrewe H, Gaucher
C. From Vascular Smooth Muscle Cells to Folliculogenesis: What
About Vasorin? Frontiers in Medicine. 2018;5:335. doi:10.3389/
fmed.2018.00335.

Choi YJ, Choi EK, Han KD, et al. Temporal trends of the prevalence
and incidence of atrial fibrillation and stroke among Asian patients
with hypertrophic cardiomyopathy: A nationwide population-
based study. Int J Cardiol. 2018;273:130-135. do0i:10.1016/j.
ijjcard.2018.08.038.

Lee TM, Hsu DT, Kantor P, et al. Pediatric Cardiomyopathies. Circ
Res. 2017;121(7):855-873. doi:10.1161/circresaha.116.309386.
Marian AJ, Braunwald E. Hypertrophic Cardiomyopathy: Genetics,
Pathogenesis, Clinical Manifestations, Diagnosis, and Therapy. Circ
Res. 2017;121(7):749-770. doi:10.1161 /circresaha.117.311059.

Lee HJ, Kim HK, Kim M, et al. Clinical impact of atrial fibrillation
in a nationwide cohort of hypertrophic cardiomyopathy patients.
Annals of Translational Medicine. 2020;8(21):1386. doi:10.21037/
atm-20-1817.

Marstrand P, Han L, Day SM, et al. Hypertrophic Cardiomyopathy
With Left Ventricular Systolic Dysfunction: Insights From the
SHaRe Registry. Circulation. 2020;141(17):1371-1383. doi:10.1161/
circulationaha.119.044366.

Force T. The weakness of a big heart. Nat Med. 2008;14(3):244-245.
doi:10.1038/nm0308-244.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lorenz K, Schmitt JP, Schmitteckert EM, Lohse MJ. A new type
of ERK1/2 autophosphorylation causes cardiac hypertrophy. Nat
Med. 2009;15(1):75-83. d0i:10.1038/nm.1893.

Tarone G, Balligand JL, Bauersachs J, et al. Targeting myocardial
remodelling to develop novel therapies for heart failure: a posi-
tion paper from the Working Group on Myocardial Function of the
European Society of Cardiology. Eur J Heart Fail. 2014;16(5):494-
508. doi:10.1002/ejhf.62.

Gibb AA, Hill BG. Metabolic Coordination of Physiological and
Pathological Cardiac Remodeling. Circ Res. 2018;123(1):107-128.
doi:10.1161/circresaha.118.312017.

Nicol RI, Frey N, Olson EN. From the sarcomere to the nucleus:
role of genetics and signaling in structural heart disease. Annu
Rev Genomics Hum Genet. 2000;1(1):179-223. doi:10.1146/annur
ev.genom.1.1.179.

Nakamura M, Sadoshima J. Mechanisms of physiological and
pathological cardiac hypertrophy. Nat Rev Cardiol. 2018;15(7):387-
407. doi:10.1038/s41569-018-0007-y.

Chen Z, Huang W, Dahme T, Rottbauer W, Ackerman MJ, Xu X.
Depletion of zebrafish essential and regulatory myosin light chains
reduces cardiac function through distinct mechanisms. Cardiovasc
Res. 2008;79(1):97-108. doi:10.1093/cvr/cvn073.

Peng X, Wu X, Druso JE, et al. Cardiac developmental defects and
eccentric right ventricular hypertrophy in cardiomyocyte focal ad-
hesion kinase (FAK) conditional knockout mice. Proc Natl Acad Sci.
2008;105(18):6638-6643. d0i:10.1073/pnas.0802319105.
Ramchandran R, Anderson GA, Udan RS, Dickinson ME, Henkelman
RM. Cardiovascular Patterning as Determined by Hemodynamic
Forces and Blood Vessel Genetics. PLoS One. 2015;10(9):e0137175.
doi:10.1371/journal.pone.0137175.

Huang C, Sheikh F, Hollander M. et al. Embryonic atrial function
is essential for mouse embryogenesis, cardiac morphogenesis and
angiogenesis. Development. 2003;130(24):6111-6119. doi:10.1242/
dev.00831.

Lucitti JL, Jones EAV, Huang C, Chen JU, Fraser SE, Dickinson ME.
Vascular remodeling of the mouse yolk sac requires hemodynamic
force. Development (Cambridge, England). 2007;134(18):3317-3326.
doi:10.1242/dev.02883.

Sun J, Liu Q, Lv L, et al. HDAC6 Is Involved in the Histone
Deacetylation of In Vitro Maturation Oocytes and the
Reprogramming of Nuclear Transplantation in Pig. Reproductive
Sciences. 2021;28(9):2630-2640. 10.1007/s43032-021-00533-2.
Crispo M, Meikle MN, Schlapp G, Menchaca A. Ovarian superstim-
ulatory response and embryo development using a new recombi-
nant glycoprotein with eCG-like activity in mice. Theriogenology.
2021;164:31-35. doi:10.1016/j.theriogenology.2021.01.012.
LiY,LiJ, ZhouT, Pan G, Huang K. Generation of PARP1 gene knock-
out human embryonic stem cell line using CRISPR/Cas9. Stem Cell
Research. 2021;53: doi:10.1016/j.scr.2021.102288. 102288.

Gou D, Zhou J, Song Q, et al. Mogl knockout causes cardiac
hypertrophy and heart failure by downregulating tbx5-cryab-
hspb2 signalling in zebrafish. Acta Physiologica (Oxford, England).
2021;231(3):€13567. d0i:10.1111/apha.13567.

Hu S, Cheng M, Guo X, et al. Down-regulation of miR-200c at-
tenuates Angll-induced cardiac hypertrophy via targeting the
MLCK-mediated pathway. J Cell Mol Med. 2019;23(4):2505-2516.
doi:10.1111/jcmm.14135.

Huang X, Sun L, Wen S, et al. RNA sequencing of plasma exosomes
revealed novel functional long noncoding RNAs in hepatocellu-
lar carcinoma. Cancer Sci. 2020;111(9):3338-3349. doi:10.1111/
cas.14516.

Sun J, Cui K, Li ZP, et al. Improved early development potence of
in vitro fertilization embryos by treatment with tubacin increas-
ing acetylated tubulin of matured porcine oocytes. Mech Dev.
2020;164:103631. doi:10.1016/j.m0d.2020.103631.


https://orcid.org/0000-0001-9242-721X
https://orcid.org/0000-0001-9242-721X
https://doi.org/10.1073/pnas.0404117101
https://doi.org/10.1111/cas.14103
https://doi.org/10.1002/ijc.31891
https://doi.org/10.1016/j.gep.2012.02.003
https://doi.org/10.1016/j.gep.2012.02.003
https://doi.org/10.1096/fj.201700057RRR
https://doi.org/10.7150/ijbs.11943
https://doi.org/10.3389/fmed.2018.00335
https://doi.org/10.3389/fmed.2018.00335
https://doi.org/10.1016/j.ijcard.2018.08.038
https://doi.org/10.1016/j.ijcard.2018.08.038
https://doi.org/10.1161/circresaha.116.309386
https://doi.org/10.1161/circresaha.117.311059
https://doi.org/10.21037/atm-20-1817
https://doi.org/10.21037/atm-20-1817
https://doi.org/10.1161/circulationaha.119.044366
https://doi.org/10.1161/circulationaha.119.044366
https://doi.org/10.1038/nm0308-244
https://doi.org/10.1038/nm.1893
https://doi.org/10.1002/ejhf.62
https://doi.org/10.1161/circresaha.118.312017
https://doi.org/10.1146/annurev.genom.1.1.179
https://doi.org/10.1146/annurev.genom.1.1.179
https://doi.org/10.1038/s41569-018-0007-y
https://doi.org/10.1093/cvr/cvn073
https://doi.org/10.1073/pnas.0802319105
https://doi.org/10.1371/journal.pone.0137175
https://doi.org/10.1242/dev.00831
https://doi.org/10.1242/dev.00831
https://doi.org/10.1242/dev.02883
https://doi.org/10.1007/s43032-021-00533-2
https://doi.org/10.1016/j.theriogenology.2021.01.012
https://doi.org/10.1016/j.scr.2021.102288
https://doi.org/10.1111/apha.13567
https://doi.org/10.1111/jcmm.14135
https://doi.org/10.1111/cas.14516
https://doi.org/10.1111/cas.14516
https://doi.org/10.1016/j.mod.2020.103631

&I—Wl LEY

31.

32.

33.
34.
35.

36.

SUN ET AL.

Deng J, Wen C, Ding X, et al. LKB1-MARK2 signalling mediates
lipopolysaccharide-induced production of cytokines in mouse mac-
rophages. J Cell Mol Med. 2020;24(19):11307-11317. doi:10.1111/
jcmm.15710.

Yu Y, Li Z, Ma F, et al. Neurotrophin-3 stimulates stem Leydig
cell proliferation during regeneration in rats. J Cell Mol Med.
2020;24(23):13679-13689. d0i:10.1111/jcmm.15886.

Morvan M, Arangalage D, Franck G, et al. Relationship of Iron
Deposition to Calcium Deposition in Human Aortic Valve
Leaflets. J Am Coll Cardiol. 2019;73(9):1043-1054. do0i:10.1016/j.
jacc.2018.12.042.

Chen L, Yao JH, Zhang SH, Wang LU, Song HD, Xue JI. Slit-like 2, a
novel zebrafish slit homologue that might involve in zebrafish cen-
tral neural and vascular morphogenesis. Biochem Biophys Res Comm.
2005;336(1):364-371. doi:10.1016/j.bbrc.2005.08.071.

Kim K, Jeon M, Lee HS, et al. Comparative analysis of secretory
factors from permanent- and deciduous-teeth periodontal lig-
ament cells. Arch Oral Biol. 2016;71:65-79. doi:10.1016/j.archo
ralbio.2016.07.003.

Zamah AM, Hassis ME, Albertolle ME, Williams KE. Proteomic anal-
ysis of human follicular fluid from fertile women. Clin Proteomics.
2015;12(1):5. doi:10.1186/s12014-015-9077-6.

37.

38.

39.

40.

Zhang Q, He X, Yao S, et al. Ablation of Mto1l in zebrafish exhibited
hypertrophic cardiomyopathy manifested by mitochondrion RNA
maturation deficiency. Nucleic Acids Res. 2021; 49(8):4689-4704.
doi:10.1093/nar/gkab228.

Platt R, Chen S, Zhou Y, et al. CRISPR-Cas9 knockin mice for ge-
nome editing and cancer modeling. Cell. 2014;159(2):440-455.
doi:10.1016/j.cell.2014.09.014.

Huang C, Sheikh F, Hollander M, et al. Embryonic atrial function is
essential for mouse embryogenesis, cardiac morphogenesis and an-
giogenesis. Development (Cambridge, England). 2003;130(24):6111-
6119. doi:10.1242/dev.00831.

LiuY, Wang J, Li J, et al. Deletion of Cdc42 in embryonic cardiomy-
ocytes results in right ventricle hypoplasia. Clinical and Translational
Medicine. 2017;6(1). d0i:10.1186/s40169-017-0171-4.

How to cite this article: Sun J, Guo X, Yu P, et al. Vasorin
deficiency leads to cardiac hypertrophy by targeting MYL7 in

young mice. J Cell Mol Med. 2022;26:88-98. doi:10.1111/
jcmm.17034


https://doi.org/10.1111/jcmm.15710
https://doi.org/10.1111/jcmm.15710
https://doi.org/10.1111/jcmm.15886
https://doi.org/10.1016/j.jacc.2018.12.042
https://doi.org/10.1016/j.jacc.2018.12.042
https://doi.org/10.1016/j.bbrc.2005.08.071
https://doi.org/10.1016/j.archoralbio.2016.07.003
https://doi.org/10.1016/j.archoralbio.2016.07.003
https://doi.org/10.1186/s12014-015-9077-6
https://doi.org/10.1093/nar/gkab228
https://doi.org/10.1016/j.cell.2014.09.014
https://doi.org/10.1242/dev.00831
https://doi.org/10.1186/s40169-017-0171-4
https://doi.org/10.1111/jcmm.17034
https://doi.org/10.1111/jcmm.17034

